Although an extensive literature is available describing cell-free cellulolytic preparations which attack soluble cellulose derivatives, there is a dearth of information on the enzymic breakdown of insoluble cellulose, and virtually nothing is known about the breakdown of undegraded cellulose of the type associated with native cotton fibres [For reviews see Siu (1951) , Halliwell (1959) (1949). The latter method was satisfactory with pure aqueous solutions of glucose, but not under assay conditions in the presence of phosphate buffer, owingto precipitation of reagents. This was overcome by substituting phosphoric acid for sulphuric acid in the ferric alum solution as follows: (a) 0-1 g. of ferric ammonium sulphate (A.R.) was dissolved in 1-5 ml. of conc. phosphoric acid (A.R., 90%) and 48-5 ml. of water; (b) to solution (a) was added a mixture containing 0.15 g. of Duponol (Duponol ME, dry, kindly given by E. I. du Pont de Nemours and Co. Inc., Wilmington, Del., U.S.A.) in 1-0 ml. of conc. phosphoric acid and 49 ml. of water.
Although an extensive literature is available describing cell-free cellulolytic preparations which attack soluble cellulose derivatives, there is a dearth of information on the enzymic breakdown of insoluble cellulose, and virtually nothing is known about the breakdown of undegraded cellulose of the type associated with native cotton fibres [For reviews see Siu (1951) , Halliwell (1959) ]. Despite the failure of cell-free preparations made from them to attack undegraded cellulose, truly cellulolytic organisms can quantitatively transform all types of cellulose, undegraded or otherwise, to soluble products.
The present report concerns an examination of the breakdown of an acid-swollen cellulose by culture filtrates from Myrothecium verrucaria. This substrate is an insoluble although degraded cellulose and was chosen firstly because the relatively mild method of preparation involves only small changes in the degree of polymerization (Walseth, 1952) , and secondly only after having shown that our enzyme preparations produoed significant solubilization of this substrate. Conditions governing the enzymic breakdown of insoluble cellulose are described below and compared with the enzymic hydrolysis of the soluble cellulose derivative, carboxymethylcellulose.
MATERIATLS AND METHODS
Preparation of the culture filtrate Cultures of M. vemrcaria (I.M.I. 45541, Commonwealth Mycological Institute, Kew, Surrey), grown on the salt medium of Saunders, Siu & Genest (1948) with cellulose powder (Whatman) or de-waxed cotton fibres as substrate, were aerated at 280 by incubation in a reciprocal shaking machine operating at 60-90 strokes of 38 mm. horizontal movement per minute. After fermentation for 1-3 weeks most of the organisms and all of the residual cellulose were separated off by filtration through a sintered-glass filter (porosity 3). The filtrate was centrifuged at 54 000g for 30 min. at 10 and subsequently passed through a sinteredglass bacteriological filter (porosity 5/3). In the later work the final filtration was found to be unnecessary by inoculation on cellulose-agar slopes. The cell-free culture supernatant or filtrate fraction was used as the source of cellulolytic enzymes. For enzyme assays the following average volumes were used: for method (a) 0-2 ml. of undiluted filtrate; for method (b) 0.1 ml. of filtrate diluted 50 times.
The solubilization of cellulose by the organism was determined by washing the mixture on the sinter with hydrochloric acid, aq. ammonia solution, Teepol and ethanol, followed by drying and weighing as described elsewhere (Halliwell, 1957a) .
Sub8trates
Native cotton fibre8. Texas cotton (kindly supplied by the British Cotton Industry Research Association) was dewaxed by treatment with ethanol, ether and finally with sodium hydroxide under nitrogen (Halliwell, 1957a) .
Cellulose powder (Whatman). This was standard-grade ashless powder for chromatography.
Swollen cellulose. This insoluble preparation was made from Texas cotton fibres and also from cellulose powder (Whatman) by soaking in phosphoric acid for 2 hr. at 10 (Halliwell, 1957a (1949) . The latter method was satisfactory with pure aqueous solutions of glucose, but not under assay conditions in the presence of phosphate buffer, owingto precipitation of reagents. This was overcome by substituting phosphoric acid for sulphuric acid in the ferric alum solution as follows: (a) 0-1 g. of ferric ammonium sulphate (A.R.) was dissolved in 1-5 ml. of conc. phosphoric acid (A.R., 90%) and 48-5 ml. of water; (b) to solution (a) was added a mixture containing 0.15 g. of Duponol (Duponol ME, dry, kindly given by E. I. du Pont de Nemours and Co. Inc., Wilmington, Del., U.S.A.) in 1-0 ml. of conc. phosphoric acid and 49 ml. of water.
Modified procedure for determination of 'reducing' sugar. The sample, containing 1-14,ug. of sugar, was neutralized (see below under enzyme assay) and made up to 3 ml. with water. Deproteinizing was unnecessary. After addition of 1 ml. of cyanide-carbonate solution (0-064% of potassium cyanide + 0-52 % of sodium carbonate anhydrous) followed by 1 ml. of 0-05 % potassium ferricyanide, the mixture was heated in a boiling-water bath for 15 min., transferred to a cold-water bath for 5 min. and treated with 2 ml. of ferric alum-Duponol-phosphoric acid reagent. Colours were 185 developed at room temperature for 15 min. before being read on a Spekker absorptiometer (Hilger) in a 1 cm. (Halliwell, 1958) ; (b) indirectly, from the amount of soluble carbohydrates present in the aqueous phase: the acidified assay medium containing cellulose in centrifuge tubes was centrifuged at 1300-1800g for 3 min. at room temperature, and the supernatant passed through a sintered-glass crucible (porosity 3). The carbohydrates in the filtrate were quantitatively determined with dichromate, the values being calculated from a standard calibration curve prepared with glucose (Halliwell, 1960) . The dichromate method is preferable to reducing-sugar methods for this purpose because it determines both 'reducing' and 'non-reducing' carbohydrates and thus gives a value much closer to the actual degree of solubilization (cf. Fig. 3 ).
The preliminary centrifuging was used to deposit the insoluble cellulose firmly, thus facilitating separation of most of the liquid phase. Filtration was essential to remove fine floating particles of insoluble cellulose, which failed to precipitate even on prolonged centrifuging.
Acidification of cellulose to pH 1-9 produced no solubilization of this substrate during the period required for centrifuging and filtration. Any solubilization that might occur under experimental conditions would be recognized in the substrate controls.
In some enzymic digests of cellulose the buffer solutions and volumes used were different from those given above for the standard assay with acetate. However, when 0-8-1-3 ml. of acetate buffer, pH 5 5, or 1-6 ml. of phosphate buffer (0-067M-disodium hydrogen phosphate +0-067M-potassium dihydrogen phosphate, pH 5.5) or citrate buffer (0.IM-citric acid+0-2M-disodium hydrogen phosphate, pH 5.5) were employed, enzymic activities on swollen cellulose powder were identical.
Filtrates obtained from enzymic incubations with cellulose in presence of phosphate or acetate buffers were examined by the indirect dichromate procedure (b) outlined above. As citrate buffer reduces dichromate, cellulolysis in such a medium was determined by direct procedure (a) above. Citrate was used only in measuring the pH optimum of the enzyme on swollen cellulose powder.
Method of enzyme assay (b) with soluble substrate, carboxymethylcellulose. To 0-3 ml. of 1% (w/v) carboxymethyl.
cellulose was added 0-15 ml. of acetate buffer, diluted cell-free culture filtrate and water to 0-6 ml., final pH 5-5.
The mixture was incubated at 370 for 1 hr. and the reaction terminated by addition of 0-25 ml. of 0.13% anhydrous sodium carbonate and 1 ml. of cyanide-carbonate (0.064% of potassium cyanide + 0-52% of sodium carbonate, see above). After addition of 2-15 ml. of water (total volume now 4 ml.) subsequent stages, commencing with the addition of 1 ml. of potassium ferricyanide, are identical with those described above (see 'Modified procedure for determination of reducing sugar'). The value, 0-25 ml. of 0.13% sodium carbonate, is experimentally determined as necessary to neutralize the enzyme reaction mixture to about pH 7-0, whereas the cyanide-carbonate adjusts the reaction of the neutralized mixture to about pH 10-7, thus attaining the required alkalinity of the standard glucose curve and simultaneously terminating enzymic activity. The diluted cell-free culture filtrate itself gave a negligible value when oxidized with ferricyanide, thus avoiding the necessity for deproteinization before sugar determination.
RESULTS
In the work described below the term cellulase is used to describe the activity in cell-free preparations attacking insoluble cellulose (swollen cellulose powder, swollen de-waxed fibres, cellulose powder and de-waxed fibres), with the proviso that a true cellulase (as yet not isolated) should produce extensive solubilization of undegraded cellulose (e.g. untreated fibres) in the manner of the parent micro-organism. Enzymic activity on the soluble cellulose derivative, carboxymethylcellulose, is referred to as carboxymethylcellulase.
Decomposition of de-waxed cotton fibres and of cellulose powder by cultures of Myrothecium verrucaria. Fig. 1 illustrates the capacity of the organism 186 1961 VCELLULASES FROM MYROTHECIUM VERRUCARIA to solubilize these less-degraded forms of cellulose. Continuous shaking was beneficial to extensive cellulolysis of both forms of cellulose and was also essential when profitable volumes of medium were required. In stationary cultures growth was much slower, and it was necessary to use smaller quantities of medium to avoid submerging the fungus.
Decomposition of de-waxed cotton fibres and of ceUulose powder by enzyme filtrates of Myrothecium verrucaria. The degree of solubilization of these substrates by the cell-free culture filtrate (Table 1) is only a small fraction of that shown on the same substrates by the whole culture (Fig. 1) . The initial rate of solubilization of undegraded fibres by the cell-free culture filtrate is comparable with that shown by whole organisms during growth, but the 50 mg. of cellulose powder (Whatman) in 10 ml. of salts medium, pH 6-6, or (b) 50 mg. of de-waxed Texas cotton fibres in 4-5 ml. of salts medium for shaken cultures (or in 1 ml. for stationary cultures)were inoculated with 1 ml. of a heavy spore suspension of the organism prepared from cultures of M. verrucaria grown on filter-paper strips on agar slopes in test tubes. The flasks were aerated by reciprocal shaking at 120 strokes of 50 mm.' horizontal movement per minute for cellulose powder (or 60 strokes of 38 mm. for cotton fibres) and at 280 for the periods shown.
Flasks were removed at intervals, the mycelium-cellulose residue was filtered on sintered glass, and washed and dried as described under Materials and Methods. Cellulose powder (Whatman) in shaken culture (0), in stationary culture ( x ); de-waxed cotton fibres in shaken culture (0) substrate, which were checked for constancy of pH during incubation. Optimum activity for the enzyme occurs about pH 5, with some hydrolysis still evident at pH 2-5. As enzymic activity at pH 5-5 is very similar to that at pH 5-0 the former pH was used in the standard assay medium in order to facilitate comparison with results of other workers in the field.
Effect of 8ub8trate concentration on enzymric activity. In the original cell-free culture filtrates the relationship between cellulose made soluble and initial weight of substrate indicated that saturation of the enzyme occurred at about 1 mg. of cellulose/4 ml. incubated. Activities were approximately proportional to the concentrations of enzyme used. In later experiments cell-free culture ifitrates obtained from subcultures of the original organism provided different curves with saturation occurring at 27 mg. of cellulose/4 ml. of incubation mixture (Fig. 3) .
The Figure also illustrates agreement between the two methods used to measure enzymic cellulo- lYsis: (1) direct loss in weight of cellulose, and (2) production of soluble saccharides. Carboxymethylcellulase activity in the culture ifitrate was examined as in Table 2 with saturation being obtained at about 3 mg. of carboxymethylcellulose in the 0-6 ml. of assay volume.
The K. values of the culture filtrate on swollen cellulose powder and on carboxymethylcellulose are calculated by the graphical method of Lineweaver & Burk (1934) (Fig. 4) , and give values of Table 2 . Effect of 8ub8trate concentration on the production of reducing sugar (a8 glucose) from carboxymethylcelluloae Assay of the enzyme was made by the standard procedure. The cell-free culture filtrate was used at about onefortieth of the concentration of that in Fig. 3 (-) .
Carboxymethylcellulose in a Reducing total volume sugar produced of 0-6 ml. (b) and (c) were 116 and 97 % respectively ofthatin (a).
It appears that one or more of the components of the enzymic preparation, possibly one concerned with the shorter but still insoluble chains, is not readily inactivated by brief periods of heattreatment. Assays were more conveniently terminated by addition of dilute acid as described in the experimental section.
The filtrate was also examined for cellulase and carboxymethylcellulase activity by the standard procedures, after a preliminary incubation under assay conditions in the absence of substrate for 1 hr. and at different temperatures (Fig. 6) . The results suggest that carboxymethylcellulase is less stable than cellulase, but in effect this is due to the experimental conditions of the respective assays Vol. 79 189 rather than to inherent instability of that enzyme. Thus when the cell-free preparation itself was incubated in absence of substrate for 1 hr. (rather than under the respective conditions for the two enzymes) before removal ofsamples for the standard cellulase and carboxymethylcellulase assays, the latter enzyme appeared to be slightly more stable than cellulase (Fig. 6) .
Effect of possible inhibitor n on cellulase activity.
Glucono-1 -+ 4-lactone or glucose at a final concentration of 2-5 mm had no effect on the rate of solubilization of cellulose by the cell-free culture filtrate, whereas the same molarity of cellobiose always produced slight inhibition, but never more than 10%. At the high concentration of 25 mM (18 mg. of glucose or 34 mg. of cellobiose in the presence of 26 mg. of cellulose) 15, 10 and 30 % inhibition was obtained with gluconolactone, glucose and cellobiose respectively. The reaction medium containing carbohydrates equivalent to 1 mg. of glucose (dichromate method) obtained after incubation of cellulose and enzyme for 1 hr. was transferred to a fresh assay system and produced only 8 % inhibition of cellulolysis, indicating that end products have negligible effect on cellulolysis.
Adsorptim of cellulase by cellulose Immediately after mixing cellulase and its substrate (swollen cellulose powder) the aqueous phase is relatively free from enzyme owing to the latter's adsorption, the extent of which depends on the initial quantity of cellulose present and on subsequent incubation of the mixture (Table 4) .
In Table 4 separate samples were used for the 0 and 1 hr. experiments in order to avoid delays in filtration, but substantially similar results were achieved when the original sample of cell-free culture filtrate and cellulose (26 mg.) was successively centrifuged, the supernatant filtered off and the cellulose reincubated with fresh buffer solution. Thus after incubation for 0 and 1 hr., CELLULASES FROM MYROTHECIUM VERRUCARIA ,h dilute acetate buffer. On reincubation (4 % solubilization) on this substrate. For cellulose lulose it was found to retain 49 % of the powder prolonged incubation, with addition of riginally added. All values are corrected further quantities of cell-free filtrate, provides a idsorption of enzyme by the sinter itself constant maximum of 26 % solubilization achieved e non-linearity of enzyme activity at high in 72 hr., comparable with the values given by our mncentrations. It is noteworthy that 86% earliest preparations (Halliwell, 1957b) . The latter, lulase has survived 2 hr. incubation with however, contrasted with present cell-free culture filtrates in being more active (requiring less DISCUSSION enzymic material to produce this degree of solubiliucaria produces almost complete solu-zation) on cellulose powder, but less active on of de-waxed cotton fibres (Fig. 1) , whereas swollen cellulose powder. This activity was assoalture filtrates have an insignificant effect ciated with a lemon-yellow colour present in the early culture media, but less evident in more recent metabolism fluids. Such apparent variance in chemical properties between cell-free preparations may also account for the different amounts of cellulose required to saturate the various cell-free culture filtrates described above. shaking period with a preparation from snails. In our own work, a 1 hr. period of agitation produced severe loss (72%) of carboxymethylcellulase, but allowed cellulase activity to continue unimpaired (Table 3) . The results achieved by Myers & Northcote (1959) are possibly due to the slower rate of shaking. Fig. 6 indicates that carboxymethylcellulase loses activity more rapidly under its own particular assay conditions when devoid of substrate than does cellulase. On the other hand cellulase appears to be slightly less stable than carboxymethylcellulase when the cell-free culture filtrate, without additions, other than fourfold dilution in buffer, is incubated at different temperatures (in absence of substrate) before transfer to the two standard assay systems. Under their respective assay conditions but without added substrate the cell-free culture filtrate loses 50 % of carboxymethylcellulase and 10 % of cellulase activity during a 1 hr. incubation at 37°.
The possibility that end products resulting from enzymic activity on cellulose might inhibit further breakdown of this substrate does not exist under the present conditions. Only when glucose or cellobiose was added in very large amounts (18 and 34 mg. respectively in presence of 26 mg. of cellulose) did significant (10-30 %) reduction in activity occur in 1 hr. End products of cellulolytic activity likewise failed to inhibit cellulase when transferred to a fresh enzymic assay on cellulose. Further, Fig. 5 also indicates that the accumulation of end products on prolonged incubation of enzyme with substrate for 22 hr. does not prevent solubilization from rising to at least 60 % breakdown.
Larger amounts of cell-free culture filtrate permitted 90 % solubilization of cellulose in the same period. Gilligan & Reese (1954) have reported that relatively high concentrations of cellobiose were required to produce appreciable inhibition of the hydrolysis of hydrochloric acid-and phosphoric acid-treated, ground cotton by filtrates from Trichoderma viride. Table 4 illustrates the high affinity of cellulose for its enzyme and probably accounts for the lack of any beneficial effect of agitation on cellulolysis. Cellulase is strongly adsorbed by its insoluble substrate and is slowly liberated during solubilization of the cellulose.
Cellulase (as examined on acid-swollen cellulose powder) is in fact a relatively stable enzyme, strongly adsorbed by its substrate and thus difficult to recover.
SU1WMARY
1. The action of cell-free filtrates from Myrothecium verrucaria was examined on various forms of insoluble cellulose and on the soluble cellulose derivative, carboxymethylcellulose.
2. Unlike the parent organism which completely solubilizes undegraded forms of cellulose (de-waxed cotton fibres), cell-free culture medium has a negligible effect (4 % solubilization) on the same substrate unless this is first swollen with phosphoric acid. After such treatment of cellulose, cellulolytic filtrates produce as much as 90 % solubilization of swollen cellulose powder or of swollen de-waxed cotton fibres. Conditions governing the activity of the cell-free filtrates on swollen cellulose powder are described.
3. The preparation has an optimum activity on swollen cellulose powder at about pH 5.
4. Values of 1 g. of swollen cellulose powder/l. and of 0 5 g. of carboxymethylcellulose/l. were obtained for the Michaelis constants.
5. At pH 5-5 and temperatures between 20°and 540 the cell-free filtrate loses cellulase slightly more rapidly than carboxymethylcellulase activity. In contrast, under the appropriate assay conditions for the two activities, carboxymethylcellulase is denatured more rapidly than cellulase. 6. Agitation of cell-free filtrates in presence of cellulose has no marked effect on the degree of cellulolysis. With carboxymethylcellulose as substrate, however, agitation produces 70 % inhibition.
7. Glucose, cellobiose or reaction products of enzymic cellulolysis fail to retard enzymic solubilization of cellulose unless present in amounts comparable with the initial weight of cellulose.
8. Cellulase in cell-free filtrates is strongly adsorbed on its insoluble substrate and is only slowly released as the cellulose itself is solubilized.
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